We study experimentally the free-space electro-magnetic field emitted from a multi-mode rectangular waveguide equipped with a diagonal-horn antenna. Using the frequency range of 215-580 GHz, a photo mixer is used to launch a free-space circularly-polarized electro-magnetic field, exciting multiple modes at the input of the rectangular waveguide via an input diagonal-horn antenna. A second photo mixer is used, together with a silicon mirror acting as Fresnel scatterer, to act as a polarization-sensitive coherent detector to characterize the emitted field. We find that the radiated field, excited by the fundamental waveguide mode, is characterized by a linear polarization. In addition, we find, unexpectedly, that the polarization rotates by 45 • if selectively exciting higher-order modes in the waveguide. We discuss a possible application of this new finding.
I. INTRODUCTION
The progress in devices and measurement techniques in the terahertz (THz) frequency range of the electromagnetic spectrum (100 GHz -30 THz) [1] [2] [3] , leads to the need for an improved understanding of the properties at the intersection of free space optics and waveguide technology [4] . One particular area of interest is circuit quantum electrodynamics (cQED) where quantum optics concepts are to be applied in the THz frequency range. For example, a recent work [5, 6] proposes to combine cQED devices with open-air microwave communication and sensing. This indicates a new direction where quantum optics concepts are exploited at THz frequencies, supplementing other approaches based on quantum optics employing quantum well structures [7] .
To push the field forward, a major challenge consists in further improving methods to receive and analyze free space signals [5] . For example, in the THz domain, conducting a quantitative measurement of the polarization without significantly disturbing the signal, is a difficult task (Fig 1(a) ). The Rayleigh length of optical elements in this frequency range is usually small, i.e. only slightly larger than the beam waist, such that one often operates at the onset of beam divergence. Both in the classical and quantum domain, controlling and measuring the wave polarization in free-space optics remains challenging. Recently, we have demonstrated how THz photo mixers [8] can be used to probe and analyze a signal transmitted through a waveguide [9] . This has enabled us to study the waveguide from the perspective of a communication channel, that may be suitable to pick up non-classical signals generated by cQED devices [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] and radiate the quantum field with a well defined polarization into free space via a diagonal-horn antenna.
In the present work we study in experiments and numerical simulations the polarization state of a free-space sub-THz field as a function of frequency in the range from 215 to 580 GHz, that is launched from a rectangular waveguide and a diagonal-horn antenna. We present * mpwestig@gmail.com a method to measure the polarization state using a coherent detector (photo mixer) in combination with a planar silicon-mirror acting as a Fresnel scatterer. This enables us to determine the polarization components with high accuracy and without the need for any opto-mechanical components such as rotatable polarizers, which renders our method suitable for ultra-high frequency cQED experiments in a cryogenic environment. We find that when only the fundamental TE 10 mode of the waveguide is excited, as expected, the field emitted by the diagonalhorn antenna is characterized by a predominantly linear polarization. It still contains a cross-polarization power component of about 5%. At higher frequencies we find in both simulations and experiments that, somewhat unexpectedly, excitation of higher order modes of the waveguide (TE 20 , TE 01 , TE 11 and TM 11 ) leads to a well-defined rotation of the polarization by up to 45 degrees.
In Section II we describe various details of the experiment and provide some additional motivation. Section III explains the measurement procedure and the method of analysis. Section IV discusses the results. Motivated by our experimental results, Sec. V provides a concept of imprinting non-classical states on the modes of a free-space sub-THz field with the effect that the polarization degrees of freedom of the electro-magnetic field obtain non-classical statistics as well. Section VI concludes our work.
II. EXPERIMENTAL SYSTEM

A. Waveguide assembly
Our starting point is a machined diagonal-horn antenna and waveguide assembly as shown in Fig. 2(a) , suitable for the frequency range from 215 to 580 GHz. Similar units are commonly used in mixer-assemblies for heterodyne detection in astronomical instruments (see for example de Graauw, Th. et al. [21] ). It is made from the material CuTe, with waveguide dimensions (Fig. 2(c) and (e)) of a = 800 µm and b = 400 µm. At each end a diagonal-horn antenna is attached with the feedpoint of the two antennas matching the waveguide dimensions. Fig. 2(a) shows a completed unit and a representation of an emitted electro-magnetic field. The diagonal horn can be disassembled into two halves along its E-plane ( Fig. 2(b) ), which reveals its dimensions as defined in Fig. 2(d) . The dimensions of the diagonal-horn antenna aperture (left) and the profile (right) are w A = 9.9 mm (geometric aperture-width), l = 7 mm (geometric aperture edge-length), w F = 400 µm (waveguide feed, b-side, L F = 19.6 mm (feed length), L P = 21.48 mm (profile length) and w C = 4.91 mm (width of the horn profile at distance L F /2 from the feedpoint).
The cross-sections shown in Fig. 2 (e) picture the electro-magnetic field of the fundamental TE 10 -mode in the waveguide (Fig. 2(b) and (c)) at position i, and in the diagonal-horn antenna aperture, at position iv. In the last panel of Fig. 2 (e), we also define the aperture coordinates η and ξ, also used in Fig. 1(c) . The co-and cross-polarizations point in direction of η and ξ.
Our focus is to demonstrate experimentally the rotation of the linear polarization of the diagonal-horn output field with frequency. The idea for this work originates in extensive electro-magnetic field simulations at different frequencies, employing the exact geometry of the waveguide and the diagonal-horn antenna, using the CST-software [22] . In these simulations, we found that once a multi-mode field is established in the waveguide and diagonal-horn assembly, the linear polarization of the emitted electro-magnetic field rotates by up to 45 • . The origin of this effect is found to be the multi-mode electromagnetic field in the waveguide, which excites the modes in the diagonal-horn antenna and leads to an emitted field with balanced polarizations and nearly ideal in-phase field components in the η-and ξ-direction of the aperture coordinate system. This is conceptually suggested by Fig. 1(c) .
We study the electro-magnetic transmission of the waveguide and dual diagonal-horn antenna assembly with the setup shown in Fig. 3 . It is a slightly modified version of the method described in our earlier work [9] . The main difference is that we include a planar silicon-mirror at the output diagonal-horn antenna ( Fig. 3 ). As we will discuss below (Sec. II B) this enables us to determine the polarization components only from the signal picked up by the coherent detector.
The signal path in our setup is as follows. The input diagonal-horn antenna receives an electro-magnetic sub-THz field generated by a photo mixer, exposed to the signal of two coupled DFB lasers. This signal excites the waveguide with the multi-mode field. Subsequently, the waveguide excites the output diagonal-horn antenna which then emits a multi-mode electro-magnetic field into free space where it gets reflected from the planar siliconmirror towards the coherent detector, where it is detected and analyzed.
To build the foundation for a better understanding of our experiments, we will describe in more detail the way of operation of the photo mixers. The frequency-tunable electro-magnetic signal, in the frequency range of 215 to 580 GHz, is generated and detected by superimposing the outputs of two 780 nm distributed feedback (DFB) lasers in a beam combiner (BC) and shone on two GaAs photo mixers connected at the output of the beam combiner via polarization maintaining fibers (PMF). One photo mixer acts as coherent sub-THz source (S) and the second acts as a coherent sub-THz detector (D) [23] . The incident laser power on each photo mixer is approximately 30 mW. The desired frequency of the sub-THz electro-magnetic field is set by adjusting the difference frequency, f , between the two DFB lasers. Optimal coupling between all optical elements is achieved by arranging the set-up in such a way that the propagating Gaussian beam-divergence is minimized and a narrow beam hits the detector.
Each photo mixer consists of a metallic two-electrode log-spiral circuit, patterned on a GaAs chip. The nonpatterned side of the GaAs chip is glued on a silicon lens, employed for Gaussian beam formation. The laser spot from the optical fiber is focussed on the feed-point of the log-spiral circuit. The source photo mixer is biased by a 39.6 kHz modulated on/off voltage of V dc = 6V, facilitating lock-in detection of the measured signals. A detailed overview of this GaAs mixer-technology is provided in the reviews by Preu et al. [24] , Brown [25] and Saeedkia [26] . The planar-silicon mirror at the output makes it possible to measure the polarization by using Fresnel scattering, to be discussed below, without using any movable parts and with a minimal number of optical components.
B. Polarization determination with a coherent detector
The polarization rotation is measured, based on the principle of Fresnel scattering, implemented by the scattering of the electro-magnetic field from a silicon mirror, cf. Fig. 3 . The scattered field is received by the detector with different signs, because either the positive or nega-tive region of the electro-magnetic field oscillation reaches the detector area first. Equivalently, this corresponds to a phase shift of π of the electro-magnetic field which depends on the linear polarization of the field, according to the Fresnel theory [27] . The sign is measured directly in our coherent detection scheme, since it determines the dc-photocurrent direction.
The signal is detected by coherent detection of the scattered electro-magnetic field, which contains the phase information for the two different waveguide orientations. The phase information of the detected field is extracted by post-processing the frequency-dependent transmission data between source and detector in Fig. 3 by means of a Hilbert transformation [9, 28] , described below. In this way we build the basis for the evaluation of the phasephase correlation function [Eq. (3)] for the two different waveguide orientations.
Two details are important in the interpretation of our measurement results. First, the direction of the current flow in the detector. The dc-photocurrent I dc is periodic with the detuning frequency f and dependent on the delay length ∆L = L S + L 0 − L D between the optical fibers, including the free space path of the sub-THz field from the source to the detector [28] . L S and L D are the (different) optical path lengths travelled by the two superimposed DFB laser fields to the source and detector through the optical fibers. The length L 0 is the additional path length, travelled by the sub-THz field from the source to the detector through free space, through the diagonal horns and through the waveguide (black wiggly and dashed arrows in Fig. 3 ).
Secondly, the sign and the magnitude of I dc is also determined by two more sets of parameters related to the Fresnel scattering effect. The first parameter set is the sign and the absolute value of the Fresnel amplitude reflection coefficient, r ⊥, (f ), of the electro-magnetic field at the output of the planar silicon-mirror, where the electric field component has a polarization perpendicular to (⊥) or/and parallel ( ) to the planar silicon-mirror plane of incidence. Furthermore, the sub-THz electro-magnetic field has a well defined phase ϕ ⊥ or ϕ for each of the two polarizations. Generally, these phases dot not have the same values, but are in practice not much shifted with respect to each other. The second parameter is the amplitude of the electric component, contained in the two polarization components perpendicular (⊥) and/or parallel ( ) with respect to the planar silicon-mirror plane of incidence. Once received by the detector, the magnitude of the dc-photocurrent is determined by the coupling of the source and the detector output impedance to the free space impedance, which is equal to the impedance of the detected electro-magnetic field. Furthermore, the Gaussian beam coupling of the diagonal-horn antenna to the detector, including scattering from the planar silicon mirror, determines the detection efficiency and can be maximized by finding the ideal position of all optical elements. An undesired complication of our setup is that the coupling to the detector is in general different in the xz-and in the xy-plane of the detector aperture in Fig. 3 and depends also on the frequency. Due to these various subtleties, the signal coupling is difficult to quan-tify. However, we aim to measure the polarization of the output field only. Then it is sufficient to determine the phases of the output field for two different orientations of the waveguide.
The polarization angle of the output field of the diagonal-horn antenna follows now from a statistical analysis by means of a phase-phase correlation function [Eq. (3)]. The idea is that the phase of the output field after scattering from the planar silicon-mirror into the detector differs by a shift of exactly π, which signals the detection of pure ⊥and -components. This πshift of the phase is well known and described by the Fresnel theory [27] , but it should be supplemented with another phase shift due to the finite thickness of the planar silicon-mirror. For the real-valued detector currents I dc (f ), flowing in response to a detected electro-magnetic field of frequency f , the analytical complex-valued detector current reads
Here, H(· · · ) is the Hilbert transformation [30] , φ(f ) the instantaneous phase of the signal and S(f ) is the instantaneous amplitude. For the rest of the paper, φ(f ) is the key observable from which we derive our results, explained in more detail below.
III. MEASUREMENT PROCEDURE AND METHOD OF ANALYSIS
A. Obtaining the data
The sub-THz electric field component received by the detector leads to an ac-voltage drop across an interdigitated capacitor part of the detector with a frequency equal to the difference in laser frequencies f . Together with the laser-induced impedance modulation at the same frequency, but in general with a different phase, a coherent dc-photocurrent, I dc (f ), flows in the positive or negative direction (dependent on the phase) across the feedpoint of the log-spiral circuit. We detect this dcphotocurrent with a post-amplification scheme described in [9] , with each data point integrated over 500 ms. This detection scheme resembles a coherent detector at sub-THz frequencies with a high-dynamic range up to 80 dB [23] like described by Roggenbuck et al. [28] . A beneficial aspect of this scheme is that it measures the transmitted amplitude rather than only the transmitted power. This allows us to use the planar silicon-mirror in our setup as a Fresnel scatterer.
We perform our measurements in two successive steps. First, we align the waveguide and diagonal-horn antenna with the E-plane parallel to the plane of incidence and, secondly, we align them with their H-plane parallel to the plane of incidence. For each of these steps we record the detector current (given in analytical form in Eqs. (2a) and (2b)) as a function of frequency, covering the range of 215 GHz to 580 GHz. For the fundamental waveguide mode up to a frequency of about 400 GHz, determined by the diagonal-horn antenna and the rectangular waveguide geometry [9] , the polarization is predominantly parallel to the E-plane. By rotating the rectangular waveguide and diagonal-horn antenna by 90 degrees, we also rotate the polarization by the same amount. By adding the planar silicon-mirror to the setup described in [9] , we obtain the polarization sensitive coherent detector.
In the measurement situation in which the rectangular waveguide and diagonal-horn antenna assembly is aligned such that the E-or H-plane is parallel to the siliconmirror plane of incidence, we can express the detector currents as,
The amplitudes E E,H l quantify the field strength in the E-or H-plane for a given mode l ∈ {0 . . . 5} (for more details cf. Sec. S4 of [31] ). Up to a constant they fully determine the size of the detector current. When multiplied with the Fresnel scattering amplitudes r ,⊥ and up to a propagation factor and the polarization orientation in free space, the resulting expression is equivalent to the propagating fields E or E ⊥ . Furthermore, c 0 is the velocity of light in vacuum and C = dZ 0 /2Z 2 det ≈ 1 · 10 −12 −1 · 10 −13 m/Ω is the coupling constant between the free space electro-magnetic field and the detector which we assume to be the same for the -and ⊥-components. Once the detector is fixed on the optics table and its position cannot be optimized anymore for maximal response, the coupling to the detector will be different for the xz-and the xy-plane. This is due to the slightly non-ideal detector acceptance beam-pattern in which the Gaussian beam waist between the two planes is displaced by approximately 5 mm [23] . We account for this asymmetry by the constant A = 0.85, which we determine experimentally by measuring the Fresnel amplitude reflection coefficients for the ⊥and thecomponents (for more details cf. Sec. S2 [31] ).
The real part of each Fresnel amplitude reflection coefficient in Eqs. (2a) and (2b) contributes in two ways to the measured dc-photocurrent. First, it evaluates the sign (or equivalently the phase shift) of the scattered wave and, second, it quantifies the frequency dependent reflection of the electro-magnetic field from the planar silicon-mirror.
The argument of the cosine, 2πf ∆L/c 0 , describes the frequency periodicity of the detected field when it arrives with a certain time delay ∆L/c 0 at the detector, as described before. As such it is equivalent to a frequency tunable phase. The phase shifts of the detected polarization components, φ ,⊥ , add in a similar fashion to the argument of the cosine. In our modeling we equate the phase difference between the in Sec. IV A further discussed co-and cross-polarizations with φ while setting φ ⊥ = 0. Further details are shown in Fig. S5 (b) and (d) [31] .
We account also for the imaginary part of the Fresnel amplitude reflection coefficients upon scattering from the planar silicon-mirror by evaluating their difference in phase shift between -and ⊥-components, ∆φ −⊥ l . The fundamental reason for this extra phase shift is the finite thickness of the planar silicon-mirror which imposes different phase shifts on the -and ⊥-components when scattered to its output.
Finally, the current correction coefficients C i l=0 (f ) = 1 (single mode) and for l > 1 (multiple modes), C i l (f ) ∈ [0, 1] are unknown. Nevertheless, these coefficients shall provide the basis for corrections to the detector current. Such a correction seems necessary, because for the case l > 1, multiple currents flow in parallel in the active detector area while one measures only the resulting (sum) effective current. In the standard photo mixer theory, the theoretical framework of multiple-mode detection is not largely discussed and no solution seems to be prepared so far.
B. Data analysis
In order to extract the polarization content from the measured detector responses, contained in the phases of Eqs. (2a) and (2b), we need to perform a statistical analysis on these instantaneous phases by means of correlation functions. The Hilbert transformation, Eq. (1), evaluates the instantaneous phases φ E (f ) or φ H (f ). Each of these phases as a function of frequency can be selected by orienting the rectangular waveguide and diagonal-horn antenna assembly with its E-or H-plane parallel with respect to the silicon-mirror plane of incidence.
In the experimental data, the origin of instantaneous phase values and most dominant contributions are hidden. However, from Eqs. 
yields the phase-phase correlation function of the instantaneous phases. In particular, Eq. (3) evaluates to '1' when the instantaneous phases of the E-and H-plane are in-phase and it evaluates to '-1' when they are out-ofphase, i.e. shifted by π with respect to each other. Such a shift is expected for an ideal linear polarization due to the Fresnel scattering. Continuous values between '1' and '-1' are possible as well and quantify some extra phase shifts which can occur. These extra phase shifts have as a source the terms ϕ ,⊥ l and ∆ϕ −⊥ in Eqs. (2a) and (2b). They are usually small, i.e. influencing the measurement results only in a range smaller than the error bars in Fig. 4 , compared to a more dominant effect, occurring when two similarly large orthogonal polarizations scatter off the planar silicon-mirror and are detected at the same time. This drives positive as well as negative detector currents which tend to cancel each other, leading to phase jumps and continuous correlator values between '1' and '-1'. This is also the expected experimental signature of the 45 • linear-polarization rotation, cf. Fig. 1(c) . For the case of a linear polarization, containing just a small cross-polarization component, one expects a different distribution of correlator values '1' and '-1' compared to a 45 • linear-polarization rotation. In the former case, mostly values of '-1' should be obtained because of the smallness of the cross-polarization component. We confirm this outcome consistently in our experiment.
It is beneficial to understand the experimental data, by evaluating the correlator in Eq. (3) over a meaningful frequency bandwidth in the measured frequency range. For measurements exciting only the fundamental TE 10 mode, we evaluate the correlator over a bandwidth of 10 GHz to obtain a single data-point and for measurements which excite higher-order modes, we have chosen a bandwidth of 20 GHz. Through this choice a large enough sample of correlator values can be used to compare with the theoretical model. In addition, it has proven to be convenient to quantify the correlator by plotting its values in a histogram, as shown in Fig. 4 , which displays our main experimental results.
IV. DISCUSSION OF THE RESULTS
In our experiment, we have measured the multi-mode field from the output diagonal-horn antenna though the detector currents I E dc (f ) and I H dc (f ) as a function of frequency. The detector currents are modeled by the analytical form of the Eqs. (2a) and (2b). The statistical analysis of the detector currents, leads to histograms like shown in the inset of Fig. 4(a) . They contain the value distribution of the phase-phase correlation function, Eq. (3). In a next step we sum over the positive and negative counts in the histograms and build the quotient pos/neg. This is shown as the black data-points which refer to the left part of the y-axis in Fig. 4(a) .
In order to relate this measurement to the polarization angle β (shown in Fig. 4 and also in Fig. 1(c) ), we combine our measurements with electro-magnetic field simulations of the radiation pattern from the exact diagonalhorn antenna geometry. From these simulations, we obtain the electric-field strengths E η and E ξ which the diagonal-horn antenna radiates into the far-field with the rectangular waveguide acting as the excitation source. The polarization angle is given by
We use the computer-aided 3D mechanical design of the diagonal-horn antenna to model the exact antenna geometry in the electro-magnetic field simulation software CST [22].
A. Fundamental TE10 mode
First, we discuss the results for the fundamental TE 10 mode and address later the multi-mode case. When exciting in the simulation this mode, propagating over the range from 180 GHz to 360 GHz, we obtain at each selected frequency a set of electric-field strengths (E η , E ξ ). They quantify the far-field radiation pattern and through this also the direction of the polarization, illustrated in Fig. 4(b) . This is shown as the red data points in Fig. 4(a) , which are consistent with a 5% cross- polarization power component of the diagonal-horn antenna. For more details on the frequency dependence of the cross-polarization we refer to Fig. S5(a) [31] . Note that the field strengths (E η , E ξ ) refer to the aperture coordinate system of the diagonal-horn antenna, i.e. they are fixed to the frame of reference of the diagonal-horn antenna and have to be distinguished from the components (E , E ⊥ ), which refer to the planar silicon-mirror plane of incidence. More details are given in Sec. S4 [31] . Since the simulation results (E η , E ξ ) are complex valued, we also obtain the phase information of the orthogonal field components. For more details on the frequency dependence of this phase we refer to Fig. S5(b) . Together with the electric-field strength we, therefore, fix for the detector currents every free parameter in Eqs. (2a) and (2b). Finally, by substituting the values obtained from the simulation in the η-ξ aperture coordinate system into Eqs. (2a) and (2b), we need to determine which field component lies in the E-or H-plane. For the TE 10 mode, the principal field direction is along the E-plane. Consequently, |E η | =E E , |E ξ | =E H and corresponding substitutions hold for the phases. A Hilbert transformation of the obtained Eqs. (2a) and (2b) provides the instantaneous phases φ E and φ H and the correlator C(φ E , φ H ), Eq. (3). By this procedure we obtain the orange-colored histograms and data points in Fig. 4(a) . In order to obtain the latter, we sum again over the positive and negative counts in the model histograms.
An exact match with the experimental data is not obtained, which is not surprising given the complexity of the experiment. However, the key features are correctly described by our model. For the frequencies 285 GHz to 350 GHz, the trend of the data is correctly predicted and the absolute values of the experiment and the singlemode model are close to each other. In the frequency range 245 GHz to 275 GHz, a comparable trend of the model and the experiment is not evident, but the absolute values are again close to each other. Furthermore, the obtained orange-colored model histograms compare sufficiently well to the black-colored experimentally determined histograms.
In particular, we like to highlight the matching shapes between the experimentally determined histograms and the model histograms at 305 GHz and 350 GHz. The histogram at 305 GHz shows predominantly negative values of the correlator C(φ E , φ H ). This is indicative of a predominantly linearly polarized electro-magnetic field, as explained in Sec. II B and Sec. III B. More-over, a distribution of negative values and a few positive values is obtained for the correlator. This signifies that a small cross-polarization component is contained in the electro-magnetic field and that the co-and crosspolarization are (slightly) phase shifted with respect to each other. In contrast, a perfectly linearly-polarized electro-magnetic field without cross-polarization content would result in single correlator values of '-1'. Compared to the histogram at 305 GHz, the histogram at 350 GHz shows a softened edge around the correlator value '0', extending into the positive-value domain of the histogram. This is due to the onset of the multi-mode propagation and the incipient polarization rotation, leading to measured phase jumps in the detector current, as explained in Sec. III B. The experimental data corresponding to the lowest frequencies are not correctly described by the model. This is most likely due to the Gaussian beam profiles of the photo mixer which become non-ideal at these frequencies. In addition, we expect an influence from the vicinity of the propagation cut-off of the diagonal-horn antenna at about 180 GHz. The error bars quantify a small but measurable phase drift during the measurement.
B. Higher-order modes
Higher-order modes propagate in the waveguide from frequencies of ≈ 360 GHz upwards. The total number of propagating modes is counted by the mode index n(f ) in Fig. 4(a) . Our multi-mode simulations excite at selected frequencies all possible, i.e. energetically allowed, higher-order modes and through this we obtain, like before, sets of electric fields (E η , E ξ ). We find in this case that the electric fields in the η-and ξ-direction are approximately of equal magnitude, cf. Fig. S5(c) and Sec. S4 [31] . As a result of this, the polarization angle changes from β ≈ 15 • (TE 10 mode) to β = 45 • , cf. Fig. 4(c) . The signature for this effect in the experiment are continuous correlator values between '1' and '-1', resulting in histograms of the type shown in Fig. 4 (a) at 400 GHz. Here, the histogram is characterized by balanced positive and negative values, consistent with the prediction of Sec. III B. Accordingly, the quotient of the sum over the positive and negative counts in the histogram, pos/neg → 1. We further find in far-field simulations that the phase difference between the η-and ξ-components of the electric fields of the same mode is negligible, cf. Fig. S5(d) [31] , and similarly the phase differences between the electric-field components of different modes. Based on this, a simple multi-mode model can be established in which the quantity pos/neg ratio directly relates to the polarization angle β. If pos/neg = 1, then β = 45 • and if pos/neg is smaller or larger than one, the polarization angle equals either arctan(pos/neg) or arctan(neg/pos). The latter indetermination of the polarization angle is due to the measurement procedure in which we rotate the waveguide by 90 • , to measure the currents I E dc and I H dc . Therefore, if pos/neg is not exactly equal to one, we cannot quantify whether the polarization direction was slightly larger or smaller than 45 • . The blue data points in Fig. 4(a) show the evaluation taking arctan(pos/neg). The other case is obtained by mirroring the blue data points with respect to 45 • .
V. IMPRINTING NON-CLASSICAL STATES
The presented results are of interest for single-photon detection using non-classical states of light, as discussed in the review by Ware et al. [32] , which is of a very general nature and not directly tied to a specific frequency. The core idea presented in Ware et al. [32] can be understood by means of Fig. 5(a) . Here, the central goal is to obtain the efficiency η 1 of the detector. It quantifies how efficient incoming single photons are recorded by the detector and, on the other hand, how many single photons are lost if the detector has not yet reached its fundamentally possible sensitivity.
A straightforward way is to make use of a nonlinear crystal, providing spontaneous parametric downconversion (sPDC). As a non-linearity one uses specific crystals that show a non-linear polarization field response ('polarization' in this context means the polarization component of the electric displacement field and not the direction of the electric field studied in our paper) when strongly pumped by a laser. In order to exploit this effect, it is strongly pumped by a laser of frequency f p (green wave), and due to the non-linear interaction, two photons (red and blue wave) of different frequencies, named signal (s) and idler (i), are generated such that the energy and the momentum are conserved,
The signal and idler photons are generated at the same time, they are entangled and their power-correlation shows strong two-mode amplitude squeezing below the classical limit, hence, the name non-classical state. Additionally, the outgoing wave polarization is ordinary or extraordinary with respect to the crystal axis. One key feature of this non-classicality is that the detection of one photon out of a pair heralds the presence of the second one. A second detector acting as a trigger, is used to record photon counts in coincidence with the detector, N coinc , via two analog-to-digital converters (ADCs). Additionally, the ADCs measure also the photon counts N 2 of the trigger alone. Because signal and idler photons are generated at the same time, the remarkable advantage of this characterization technique is that the detector efficiency reads then simply [32] ,
and is independent of the efficiency of the trigger. [16, 17, 19, 20] (green, red and blue parts of the figure) . In (b), the red and blue photons excite the waveguide (for instance through chipwaveguide coupling [33] ) and are radiated in the same or in different polarization states, dependent on their frequencies, into the detector and trigger apertures after scattering off a frequency-selective beamsplitter. The analog-to-digital converters (ADCs) count coincidences Ncoinc between detector and trigger and photon counts N2 of the trigger alone. For detector characterization, the thermal photon population of the environment, F † F , has to be considered.
However, sPDC using a non-linear crystal is usually an inefficient process and a laser setup is needed. Moreover, due to the momentum conservation, Eq. (5b), the detector and trigger apertures have to be aligned correctly to receive all of the power in order to conduct a proper measurement. Also, the condition Eq. (5b) is frequency dependent such that the emission direction changes when the frequencies are adjusted. Additionally, the outgoing polarized fields usually do not have well defined Gaussian beam properties since the crystal influences the beam shape of the signal and idler fields.
A solution to these difficulties is provided by the twomode non-classical source demonstrated by Westig et al. [16] . It can be coupled by chip-waveguide coupling [33] to the waveguide in a setup proposed in Fig. 5(b) . Since the diagonal-horn antenna at the output of the multi-mode waveguide provides constant Gaussian beam properties over a large frequency bandwidth, detector and trigger can be kept at constant position. Furthermore, in the example the two-mode non-classical source is based on the dynamical Coulomb blockade of a battery-powered Josephson junction coupled to a tailored electro-magnetic environment, therefore, complex laser setups are not needed.
Together with the progress reported in this paper on the polarization changes of the diagonal-horn antenna as a function of the frequency, a polarization sensitive detector can be characterized using the method of Ware et al. [32] . Specifically, in our proposal a detector and a trigger would be employed which are only sensitive to linearly polarized electro-magnetic fields which is an often encountered technological situation. The task would be to measure the efficiency of such a detector, only sensitive to a linear polarization. The emitted field of the diagonal-horn antenna, excited by the multi-mode waveguide, provides two options for such a measurement. First, when the signal (red) and the idler (blue) have frequencies such that only the TE 10 mode is excited, detector and trigger have to be aligned in such a way to receive the same polarization direction. When the signal frequency remains in the TE 10 mode but the idler frequency excites higher order modes, the trigger has to be rotated by 45 • with respect to the detector, cf. Fig. 4(b) and (c). The separation of the different frequencies is achieved by a frequency selective beamsplitter. At the open port of the beamsplitter a thermal photon population is important to quantify, when only a single detector setup would be used for characterization of the detector efficiency. For a correlation setup measuring coincidences like proposed by Fig. 5(b) , the thermal photon population does not influence the measurement outcome since it is not correlated at two different frequencies.
VI. CONCLUSION
To conclude, we have shown that a diagonal-horn antenna, connected to a full-height rectangular waveguide, emits a linearly polarized electro-magnetic field, if the rectangular waveguide is excited by the TE 10 mode. To confirm the field polarization experimentally we have used an unusual method based on only a coherent detector and a planar silicon-mirror, acting as a Fresnel scatterer. At higher frequencies, we find that a multimode electro-magnetic field in the rectangular waveguide induces a polarization rotation by about 45 • of the emitted field from the diagonal-horn antenna, as confirmed by our simulations. The source of this polarization rotation is an advantageous mode topology in the rectangular waveguide which excites the diagonal-horn antenna in the near-field and maintains its properties in the far-field. Stimulated by these findings we propose a method for single-photon detector characterization in which the rectangular waveguide and diagonal-horn antenna assembly is coupled to a Josephson-based non-classical microwave source. As a result, non-classical states are imprinted on the emitted sub-THz fields and the polarizations. This allows to implement a well-known characterization procedure, based on coincidence counting of photons at sub-THz frequencies.
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In a first step, we have positioned the source and detector face-to-face and adjusted the distance between their apertures such that their beam waists lie on top of each other. By this we ensure maximum coupling between source and detector.
In a second step, we have measured the detector response as a function of frequency between 150 GHz and 320 GHz.
A Lorentzian curve of the form A 0 / 1 + (2πf τ ) 2 , with time constant τ = 500 fs and A 0 a constant, fits the envelope of the detector response, τ being equal to the detector roll-off time. When comparing this intrinsic detector roll-off with the roll-off induced by the multi-mode field in the same detector, shown in Fig. S1(a) , we find that the latter decays faster. This is in-line with inducing positive as well as negative currents which, at least partly, tend to cancel each other. This effect leads primarily to phase jumps, shown in Fig. S1(b) , caused by suppressing the total detector current due to the multi-mode field.
S2. DETECTION ASYMMETRY A OF PARALLEL AND PERPENDICULAR POLARIZATION COMPONENTS
An ideal detector couples equally strong to the -and ⊥-components of a received sub-THz field. In this case, * mpwestig@gmail.com ). Due to the detected multi-mode field, it shows phase jumps compared to the more ordered phase as a function of frequency in Fig. S2(b) where only a single mode is detected. The data in the shown frequency window in (b) is employed to determine the datapoint at 450 GHz in Fig. 4(a) of the main text.
one measures directly and only up to a coupling constant the Fresnel scattering amplitudes. We evaluate the frequency dependence of these amplitudes, r (f ) and r ⊥ (f ), using the Fresnel theory applied to the planar silicon-mirror. The mirror is characterized by the refractive index n = 3.416 and a thickness of t = 3.415 mm. For calibration purposes, we measured the amplitude reflection coefficients using the same coherent detector setup as described in the main text and confirmed their theoretically evaluated frequency dependence, cf. Fig. S2(a) . Furthermore, we find also the expected Fabry-Perot resonance condition of the planar silicon-mirror which fully transmits the signal into the beam dump (element labeled 'BA' in Fig. 3 of the main text) at frequencies pc 0 /[2nt cos (απ/180)], with p being an integer and α = 45 • is the angle of the planar siliconmirror with respect to the axis of propagation of the input field. For these frequencies, both amplitude reflection coefficients are equal to zero.
We conducted this experiment and compared it to theory, in order to identify a possible asymmetry in the coupling to the -and ⊥-components which we need to take into account in our modeling procedure. We find by this comparison that our detector couples to the -field component slightly stronger than to the ⊥-field component. In order to compensate for this asymmetry, we need to multiply a factor A = 0.85 to the experimentally determined -component of the scattering amplitude to match it to the theoretical prediction.
In a second step we obtained the phases φ E and φ H after measuring the detector currents I E dc and I H dc . Note the close to ideal phase shift of π between the black and red trace in Fig. S2(b) which show the cosine of the respective phases. This is also predicted by the Fresnel theory for the scattering of parallel and perpendicular polarizations off a dielectric layer. Deviations from the ideal phase shift condition are evident in our measurement as well and occur due to a number of reasons. First, a finite amount of cross-polarization in the detected beam, second, a relative phase shift between co-and cross-polarizations and, third, the finite thickness t = 3.415 mm of the planar silicon-mirror which changes the relative phase shift between the reflected parallel and perpendicular components of the sub-THz wave, ∆ϕ −⊥ , in Eqs. (2a) and (2b) of the main text.
S3. NEAR-AND FAR-FIELD SIMULATIONS -PART I
This section provides selected results of our electromagnetic field simulations, modeling the diagonal-horn antenna output field. Figure S3 shows the near-field simulations, evaluating the electro-magnetic field inside the diagonal-horn antenna and Fig. S4 shows the farfield simulations of the diagonal-horn antenna, evaluating the radiated field by the antenna. The figures show by means of the field strengths in the E-and H-planes (nearfield) and by means of the field strengths in the co-and cross-polarization component (far-field) the mechanism of the non-mechanical polarization rotation, induced by the mode topology in the rectangular waveguide and in the diagonal-horn antenna. The figures focus only on the first three modes, in our scheme, the minimum number of modes necessary to induce the polarization rotation.
S4. NEAR-AND FAR-FIELD SIMULATIONS -PART II
This section quantifies the co-and cross-polarization content in the calculated far-field radiation patterns. Because the aforementioned calculation is important for predicting the polarization dynamics as a function of frequency, the remaining text provides an explanation of the employed formalism.
The field amplitudes in the polarization components are quantified by the integral of the respective absolute FIG. S3. Near-field simulation results of the diagonal-horn antenna, calculated using the CST software [1] . In the antennafeed waveguide which is connected to the waveguide channel (cf. Fig. 2(b) , (c) and (e) of the main text), a certain mode is excited predominantly in the H-or E-plane. After the waveguide excitation, an electric field develops in both planes of the diagonal-horn antenna, but dependent on the mode with different strengths. The figure summarizes the results for the first three propagating modes at reasonably selected frequencies, (a) TE10 (270 GHz), (b) TE20 (480 GHz) and (c) TE01 (480 GHz). Note that the field intensities in the E-and Hplane for the mode TE10, (a), are approximately interchanged for the mode TE01, (c). The near-field intensities in the Eand H-plane are approximately the same for the mode TE20, (b). With these three modes in superposition, polarization rotation by 45 • occurs around the wavevector kz, suggested by Fig. 2(a) of the main text.
value of the sub-THz electric field over the polar coordinates θ and φ in the Ludwig-3 coordinate system [2, 3] , cf. Fig. S4 . We express this formally as follows:
where E η and E ξ are the electric far-field magnitudes, related to the ξ-η-aperture coordinate system of the diagonal horn, cf. Fig. 1(c) , Fig. 2 (e)/(iv) and Fig. 4(b) , (c) of the main text. This coordinate system is introduced in order to avoid confusion with the -and ⊥-components of the sub-THz field which are fixed space-wise (and with respect to the silicon-mirror plane of incidence) while the ξ-η aperture coordinate system is fixed to the frame of the diagonal-horn aperture. For the fundamental TE 10mode, E η is largest and points in direction of the major polarization direction (co-polarization), whereas E ξ contributes to the much smaller cross-polarization. By rotating the diagonal-horn antenna one aligns either E η or E ξ with E or E ⊥ . 
FIG. S4.
Electro-magnetic far-field simulations of the diagonal-horn antenna at a reference distance of 1 meter from the aperture, performed with the software CST [1] . The images show the absolute value of the electric component of the far-field radiation pattern in the Ludwig-3 coordinate system [2] . The first three propagating modes emitted by the diagonal-horn antenna are shown at reasonably selected frequencies. Fig. 1(c) of the main text. The far-field intensities of the co-and cross-polarization components for the mode TE10 are approximately interchanged for the mode TE01 and the total absolute electric field in the coand cross-polarization components for the mode TE20 is approximately the same. This indicates, like for the near-field in Fig. S3 , that for the superposition of the three shown propagating modes, the polarization is rotated by 45 • around the wavevector kz.
The integration area spanned by the polar coordinates is S on which the far-fields in Fig. S4 are represented. The co-and cross-polarization content in the emitted sub-THz field is then determined by evaluating the expressions:
which are proportional to the field amplitudes in the E-and H-plane, cf. Fig. 2 (e)/(iv) of the main text. The right-hand side of the equations are represented in Figs. S5(a) and (c) for the different modes. Equations (1a), (1b), (2a) and (2b) hold also for a multi-mode field and quantify the ratio of E η and E ξ in the electromagnetic field. Higher-order propagating modes in the waveguide create a multi-mode (in our case up to five) electro-magnetic field. Interestingly, we have discovered that this field has almost equal field strength in the components E η and E ξ and that these components are practically in-phase (cf. Fig. S5(d) ), when radiated from the diagonal-horn antenna into free space. Furthermore, our multi-mode FIG. S5. Cross-polarization amplitude content E crpol , (a), and phase difference between the co-and cross-polarization ( ϕ cpol φ,θ -ϕ crpol φ,θ ) components, (b), for the TE10 mode.
(c) Cross-and co-polarization amplitude content (E crpol and E cpol ) for the TE10 mode and higher order modes for selected frequencies (black = TE10, red = TE20, blue = TE01, orange = TE11 and green = TM11). (d) Phase difference between the co-and cross-polarization components for the modes in (c), showing that the radiated polarization components in each mode are hardly phase shifted with respect to each other. The figure shows results only at selected frequencies, because of the numerically time-consuming simulations. When the first three modes (black, red and blue) propagate for frequencies larger than 400 GHz, a nearly balanced amount of coand cross-polarization amplitude components are indicative of a polarization rotation by 45 • . The other two higher order modes, orange and green, contribute with equal parts to the co-and cross-polarization and, hence, further stabilize the polarization rotation by 45 • . simulations find that the phase-delay between the aforementioned electric fields in different modes is practically negligible as well. This means, that the different modes are emitted by the diagonal-horn antenna in a coherent fashion and are practically not time-delayed with respect to each other. This is key for an effective polarization rotation of 45 • to happen and for generating a coherent electric field which is then radiated from the near-into the far-field by the diagonal-horn antenna. 
